The use of echo-levels from Acoustic Doppler Current Profiler (ADCP) recordings has become more and more common for estimating suspended bed-material and wash loads in rivers over the last decade. Empirical, semi-empirical and physical-based acoustic methods have been applied in different case studies, which provided relationships between scattering particles features derived from samples (i.e., concentration and grain size) and corresponding backscattering strength and sound attenuation. These methods entail different assumptions regarding sediment heterogeneity in the ensonified volume (e.g., particle size distribution (PSD) and spatial concentration gradient). Our work was to compare acoustic backscatter and attenuation properties of suspended sediments, sampled in the rivers Parana and Danube that represented rather different hydro-sedimentological conditions during the surveys. The Parana represents a large sandy river, characterized through a huge watershed and the typical bimodal PSD of sediment in suspension, while the Danube represents in the investigated reach an exposed sand-gravel bed and clay-silt particles transported in the water column in suspension. Sand and clay-silt concentrations clearly dominate the analyzed backscattering strength in the rivers Parana and Danube, respectively, with an effect of PSD level of sorting in the latter case. This comparison clarifies the extent of assumptions made, eventually advising on the actual possibility of applying certain ADCP methods, depending on the expected concentration gradients and PSD of suspended sediment to be investigated.
Introduction
A variety of environmental and engineering practices, including inland navigation [1, 2] , sea shoreline protection [3, 4] , erosion hazard mitigation during flood [5] , irrigation water supply [6] , instrument). In addition, the measured reverberation should not be affected by concentration gradients along the profiled range, which is reasonable for homogeneously distributed fine sediment, but reduces the method applicability especially in large rivers where horizontal gradients are relevant.
An ADCP user may be confused by a variety of backscatter methods developed for sediment investigations in rivers in a way that a specific method may appear feasible for a river under specific conditions, without the possibility of applying these methods in different environments. Aiming to guide ADCP users in classifying an actual case study by the acoustic method to be applied for the indirect measurement of sediment transport, our objective was to investigate the dependence of acoustic properties (i.e., backscatter and sound attenuation) on the variation of suspended particles concentration and PSD sampled in the water column at two large rivers. Although excellent studies already exist [19] [20] [21] [22] [23] [24] [25] , which aim to clarify these relationships, practical applications are mainly focused on a specific investigated case study that bore out an ADCP specific method [13, 15, 18, 22] . Therefore, our aim was to give an answer on the practical need of evaluating the applicability of different acoustic methods. To this end, in the presented study, we compare assessed backscattering strength and attenuation values from a variety of sediment samples collected in the water column in different reaches at the Parana River (Argentina) and in a river section of the Danube River (Hungary). These two large rivers represented very different conditions, both in terms of sediment forming the riverbed and sediments transported in the water column. This heterogeneity resulted in a dominant spatial gradient of sand and clay-silt backscattering strength for the Parana reaches and the Danube section, respectively, while the sound attenuations due to suspended sediments were found with similar magnitude in the two rivers. Assessed variation and magnitudes were compared to observed features of sediments (i.e., concentration, PSD first and second order moments) and the ADCP methods applicability discussed.
Materials and Methods

Study Areas and Sampling Campaigns of Water-Sediment Mixture
The Parana River is one of the largest rivers in the world [26] , with a drainage basin of 2.3ˆ10 6 km 2 crossing the borders of Brazil, Bolivia, Paraguay and Argentina. Downstream of the confluence of the Parana River and the Paraguay River (Figure 1a ), the mean annual discharge is 19,500 m 3¨s´1 , and the water surface slope is in the order of 10´5. The channel bed is composed mostly of fine-and medium-sized sand [27] . The channel planform pattern is classified as an anabranch with a meandering thalweg [26] . A succession of wider and narrower sections is typical, with mean channel widths and thalweg depths ranging from 600 to 2500 m and from 5 to 16 m, respectively. In the middle and lower reaches, the bed material is composed almost completely of sand (>90%), with small amounts of silt and clay (<4%) according to Drago and Amsler [27] .
The water-sediment mixture samplings in Argentina were conducted in the middle and lower parts of the Parana (Figure 1b ): (i) in the Colastiné River that is a Parana secondary channel close to city Santa Fe (31˝39 1 17.04 11 S, 60˝35 1 33.87 11 W); and (ii) in the large expansion-bifurcation unit of the Parana main channel near the city Rosario (32˝56 1 39.27 11 S, 60˝39 1 01.94 11 W), respectively. Some field work was conducted on 17 March 2014 and 20 September 2014 in the Colastiné River with a discharge of 1485 m 3¨s´1 and 1983 m 3¨s´1 , respectively, and in the main channel on 16-17 November 2010 when the Parana total discharge was 14,320 m 3¨s´1 . Those discharge values in the Colastiné River may correspond to about one tenth of the total discharge in the main channel.
In more detail, in 2010, suspended sediment samples were obtained at four positions equally spaced across the river section upstream of the main channel bifurcation (Figure 1b) . This cross-section was characterized with water depths varying from 5 to 11 m. In this case, two to three samples were collected for each position by using a depth-integrating isokinetic sampler (Figure 2b ). This sampler is characterized with three different intake nozzles, diameters of 5, 7, and 9 mm, which were previously calibrated according to the hydraulic conditions. A maximum error of 15% was observed between common flow condition in the Parana River and the intake velocity [28] . The influence of this error on the sediment concentration values depends mainly on the suspended grain size [29] . In this case, the sand suspended from the Parana riverbed was investigated, only, for which the common flow velocity range entailed a recommended nozzle diameter of 7 mm. Each sampling (two-way depth integration) was taken between 2 and 4 min, depending on the depth and the current velocity; see Figure 1 in Gray and Gartner [30] . A maximum error of 10% was expected in measured suspended sand concentrations.
Water 2016, 8, 13; 4 of 22
The influence of this error on the sediment concentration values depends mainly on the suspended grain size [29] . In this case, the sand suspended from the Parana riverbed was investigated, only, for which the common flow velocity range entailed a recommended nozzle diameter of 7 mm. Each sampling (two-way depth integration) was taken between 2 and 4 min, depending on the depth and the current velocity; see Figure 1 in Gray and Gartner [30] . A maximum error of 10% was expected in measured suspended sand concentrations. The influence of this error on the sediment concentration values depends mainly on the suspended grain size [29] . In this case, the sand suspended from the Parana riverbed was investigated, only, for which the common flow velocity range entailed a recommended nozzle diameter of 7 mm. Each sampling (two-way depth integration) was taken between 2 and 4 min, depending on the depth and the current velocity; see Figure 1 in Gray and Gartner [30] . A maximum error of 10% was expected in measured suspended sand concentrations. In March 2014, seven water columns were investigated across the Colastiné River. Three additional columns were sampled on 20 September 2014 for spanning different hydraulic conditions. Five positions per water columns were investigated using the point sampler US P-61 (Figure 2a ) that resulted in samples at following levels: 0.2, 0.4, 0.6, 0.8 and 0.9 of water depth (changing in the range of 3-7 m) from the water surface to river bottom.
Laboratory analyses were performed, consisted of wet sieving, dry weighing and microscope or laser scanning, eventually assessing clay-silt and sand concentrations and corresponding PSD. According to the weight of sediment in an individual sample, two methodologies were applied for PSD analyses. The Malvern Mastersizer 2000 was used to analyze clay-silt material, that device is a laser diffraction particle size analyzer. Resulting PSDs consisted in the average of three consecutive analyses. Suspended sand distribution was inferred by using a well tested methodology [31] that applies a scanning electron microscope.
Additional measurements were conducted in the middle section of the Danube (Figure 1c,d ) close to the city of Esztergom (47˝47 1 18.22 11 N, 18˝44 1 36.40 11 E) in Hungary, on 7-8 May 2013. This is a free-flowing section with a mean flow of 2000 m 3¨s´1 and a mean slope of about 10´4 [32] . The average width and depth of this section is in the range of about 500 m and 6 m, respectively. Gravel and sand-gravel material forms the riverbed [33] . A single field campaign was conducted at a flow discharge of about 3290 m 3¨s´1 , in the falling limb of an approximately 1-year flood event. Two 500 m wide cross-sections were chosen for the investigation, with water depths in the range of 3-9 m, upstream and downstream of the inflowing section of a tributary called River Hron (Figure 1d ). Twelve verticals were investigated by using the LISST-SL device by Sequoia Inc (Bellevue, WA, USA) (Figure 2c ), which combines a stream lined (SL) isokinetic sampler with an on-board laser diffraction particle size analyzer [34] [35] [36] . These measurements were conducted in each vertical for levels regularly spaced from 0.5 to 1.0 m, depending on the actual water depth (i.e., a finer resolution for lower depths was chosen), starting from 0.5 m beneath the water surface until about 0.5 m above the riverbed. A total number of 102 points were sampled in the two cross-sections. For each point, a two-minute long measurement was carried out, resulting in 60 acquisitions (considering the sampling frequency of 0.5 Hz), providing the same number of PSDs spanning 32 classes (diameter size from 2.07 to 350 µm). The two-minute long sampling time was determined based on a preliminary sensitivity analysis, where subsequently time averaged characteristics of the suspended sediment were used [37] .
Summarizing on the entire dataset, a total of 102, 17 and 11 samples were analyzed for the Danube, the Colastiné and the Parana main channel, respectively. It is worth noting that a 0.5 Hz acquisition frequency of LISST-SL gave a larger dataset of two minutes averaged PSDs at each sampling point covering two cross-sections and 11 verticals. For the Parana system, a more limited amount of depth averaged and point samples were used to examine the secondary reach Colastiné in Santa Fe and the main channel close to Rosario for different conditions.
Acoustic Theory
For readers' convenience, few aspects are reported here regarding the theory of sound scattering from a water-particles mixture. Exhaustive works may be found in technical-scientific books [38] [39] [40] and more recent review papers [24, 25] .
The received sound intensity, I, by an acoustic system depends on: (i) the reference level at unit distance and the acoustic system settings (i.e., amplifier gain, transmit power and pulse length) which may be represented with a constant value, K t , for a given system setting; (ii) the ability of suspended particles to scatter sound back to a mono-static transducer (i.e., backscattering strength) at a distance R; (iii) the two-way round-trip attenuation; (iv) the geometrical spreading. This may be written as reported in Equation (1), which is derived under Thorne and Hanes [24] and is usually referred as the sonar equation: [41] . It is worth noting that much of the existing literature, regarding the use of ADCPs to assess the concentration of suspended sediment, reports a logarithmic form of the sonar equation, including the target strength or an equivalent decibel expression of the backscattering strength that is ten times the common logarithm of K s 2 M s . This is because the echo levels recorded by an ADCP are proportional to the received sound intensity in a dB scale [37, 42] . In the general case of an acoustic beam ensonifying a heterogeneous concentration field of a multi-size mixture of sediments, the backscattering strength and the sediment attenuation coefficients are both range (i.e., R) dependent. In this case, the two-way attenuation should be integrated along the beam path from transducer up to the backscatter farthest distance (R maximum).
The backscattering strength, σ s 2 , depends on mass concentration and PSD through the backscattering coefficient that is written in Equation (2):
where expected mean values are denoted between brackets that accounts for the actual PSD of scattering particles. In Equation (2), ρ s is the sediment density (i.e., 2650 kg¨m´3), a and f are the particles mean radius and the form factor [20] , respectively. It is worth noting that for the Rayleigh scattering region (i.e., for the wave number, k, particles radius, a, product x much less than unit; x = ka << 1), f scales as the square of x, while in the geometric region (x >> 1), f asymptotes to be 1.1, with a transition for x close to unity. Equation (3) is the expression given by Thorne and Meral [20] that was applied in this work to assess the form factor for each class forming the analyzed PSDs:
f "
Among others, Thorne and Meral [20] derived the form factor function (Equation (3)) by fitting backscatter measurements from well sorted (herein referred to as mono-size) natural sand suspensions. Our objective was to characterize heterogeneous suspensions with a given PSD (i.e., p(a)); therefore, the mean expected values to be used in Equation (2) were assessed as reported in Equations (4) and (5) [19, 20] .
A variety of authors discussed the contribution of suspended sediments to sound attenuation, where relevant works can be found starting from the forties of the last century [40] . More recently, the scatter attenuation that spread energy out of the incident beam was compared to viscous dissipation as a result of the shear produced by particles to fluid relative motions [18, 23] . These two mechanisms are additive (i.e., α s = α ss + α sv ) and may produce a relevant dissipation, depending on mass concentration, the actual PSD and the ensonified range R. For fine particles such as clay-silt, the viscous attenuation coefficient, α sv , is dominant, while, for sand, it becomes negligible and the attenuation is a result of the scattering attenuation coefficient, α ss , which is related to the total scattering cross-section, χ, of the ensonified particles. In this work, the total scattering cross-section and the scattering attenuation coefficient were computed following Thorne and Meral [20] as reported in Equations (6) and (7) . χ " 0.29¨x 4 0.95`1.28¨x 2`0 .25¨x 4 (6)
Equation (6) is a semi-empirical best fitting of the total scattering cross-section from measurements in mono-size tests. Equation (7) was applied to evaluate the mean expected α ss for actual PSDs from samples in the Parana and the Danube, which included the Equation (6) evaluation for each class.
ζ between brackets denotes the mean expected value of the attenuation coefficient, normalized over mass concentration. This normalized coefficient only depends on the actual PSD. Equation (7) reduces to Equation (8) for a mono-size suspension:
The viscous attenuation coefficient for a heterogeneous sample with a given PSD was evaluated as reported in Equation (13) [18] that includes formulations due to Urick [40] reported in Equations (9)- (12):
where F is the frequency of the emitted signal, ν is the fluid kinematic viscosity (i.e., 1.1ˆ10´6 m 2¨s´1 for water at about 15 degree Celsius), d is the particle size diameter, and σ the sediment to fluid density ratio. For a mono-size suspension, Equation (13) simply reduces to the normalized viscous attenuation coefficient (ζ sv given by Equation (12)) times the mass concentration. Echo intensity levels recorded by an ADCP in a dB scale are proportional to the logarithmical received intensity I [37, 42] in the sonar equation (left hand side in Equation (1)). Therefore, physical-based models of sediment backscatter and attenuation described in Equations (2)- (13), may be applied to assess the correlations between received intensities and scattering particles features that are mass concentration and PSD moments. Those correlations would enable the assessment of sediment features from ADCP recordings (i.e., the inverse problem solution). In this work, backscattering strength and attenuation coefficients (in the right hand side in Equation (1)) were assessed by means of Equations (2)- (13) and on the basis of sediment features from samples collected in the Parana and Danube rivers (i.e., the direct problem solution). A sketch reported in Figure 3 summarizes the most important parameters in Equations (2)- (13) for the direct and inverse solution of Equation (1) . Figure 3 summarizes the most important parameters in Equations (2)- (13) for the direct and inverse solution of Equation (1). (2)- (13) to be applied while solving Equation (1) with a direct and an inverse approach.
Given our objective of evaluating the applicability of different ADCP methods for suspended sediment investigations, resulting values of backscattering strength and attenuation coefficients were converted from Neper to dB scale as reported in Equations (14)- (16): 
using the International System the backscattering strength is given in dB and the attenuation coefficients in dB/m. The attenuation coefficients times the acoustic range doubled give the two-way round-trip attenuations (in dB) due to suspended sediments.
Results
Results from Samples
The resulting PSDs from Danube samples spanned a clay-silt range with a negligible amount of fine sand particles, whereas the typical bimodal distribution including clay-silt and fine-medium sand was observed in the Parana system. In this case, the clay-silt contents from the Colastiné River were analyzed and presented apart from the sand suspended from riverbed that are here referred in short as wash-load and suspended-load, respectively, where the latter is, in fact, the suspended load of bed material.
It is worth noting that, in the acoustic theory, the PSD, p(a), as it is reported in Subsection 2.2, refers to the number size distribution rather than to the volume (or weight) size distribution which is used in sedimentological studies. Number and volume distributions may be rather different especially for prevailing amounts of clay-silt fractions over sand because a large amount of small particles results in the same volume as only a few coarse particles. This was evident for PSDs from (2)- (13) to be applied while solving Equation (1) with a direct and an inverse approach.
Given our objective of evaluating the applicability of different ADCP methods for suspended sediment investigations, resulting values of backscattering strength and attenuation coefficients were converted from Neper to dB scale as reported in Equations (14)- (16):
xA ss y " 20log 10 peq¨xζ ss y¨M s (15) xA sv y " 20log 10 peq¨xζ sv y¨M s (16) using the International System the backscattering strength is given in dB and the attenuation coefficients in dB/m. The attenuation coefficients times the acoustic range doubled give the two-way round-trip attenuations (in dB) due to suspended sediments.
Results
Results from Samples
It is worth noting that, in the acoustic theory, the PSD, p(a), as it is reported in Subsection 2.2, refers to the number size distribution rather than to the volume (or weight) size distribution which is used in sedimentological studies. Number and volume distributions may be rather different especially for prevailing amounts of clay-silt fractions over sand because a large amount of small particles results in the same volume as only a few coarse particles. This was evident for PSDs from the Danube and for wash-load content characterizing the Parana secondary reach Colastiné, as for the subset reported in Figures 4 and 5 and as it can be seen for the entire dataset in Table 1 .
the Danube and for wash-load content characterizing the Parana secondary reach Colastiné, as for the subset reported in Figures 4 and 5 , and as it can be seen for the entire dataset in Table 1 . The PSDs first and second order moments (i.e., particles mean size diameter, D, and standard deviation, std) averaged among the entire datasets (Table 1 ) gave evidence on the distributions observed in the Parana system and corresponding mechanisms of sediment transport. Clay-silt fractions were observed in almost homogenous concentrations (Table 2 ) with a change smaller than 15% of the averaged values among different positions across the channel and water depths. This spatial homogeneity reflects large temporal-spatial lag between sediment source and measurement positions. This is typical for the wash-load mechanism: fine sediment is eroded from watershed slopes and is then diffused in full suspension along the river channel up to the wetlands and the delta. In the Parana system, the lack of correlation between local conditions and wash-load rates is particularly evident. This spatial homogeneity was also observed in the Danube dataset, although to a lower degree. A 44% maximal variation among concentrations was resulted from LISST-SL punctual measurements (Table 2 ). It should be noted that this variation is only related to spatial gradients, since measurements were operated in a single campaign with almost steady flow conditions. Indeed, for the Danube case, the first order momentum of the number PSD averaged over the entire dataset and the geometric mean of corresponding volume distribution were 3.7 and 28 µm, respectively, while the same parameters resulted equal to 1.0 and 6.7 µm when considering the wash-load content (i.e., clay-silt classes) for samples from the Parana system (Table 1) . Therefore, slightly coarser fractions were observed with spatial gradients in the concentration field that may corroborate the hypothesis of re-suspension events of fine sediment mixed in the gravel bed at the investigated section of the Danube River.
Sand suspended from the riverbed presented much more heterogeneous patterns both when looking to values from punctual samples in Parana secondary reach Colastiné ( Figure 6 ) and from depth-averaged samples from the main channel of the Parana River ( Figure 7) . In both cases, concentration variations doubled the corresponding mean values (Table 2 ). For the Colastiné dataset, the sand concentration variation reached values more than two times the average value, that may reflect (i) relevant vertical gradients, such as those described by Einstein-Rouse profiles [43] for sediment concentration suspended from the riverbed; and (ii) different conditions investigated.
Sand fractions presented a well sorted PSD whereas clay-silt particles resulted in more broad distributions, both when considering number and volume distributions. The standard deviation to mean size ratio, as reported in Table 1 , is a useful parameter to account for number distribution sorting in acoustical studies. A value of std/D close to 0.1 reflects almost mono-size distributions as such in the case of sand suspended from the Parana and Colastiné riverbeds, while values around unit mean poorly sorted PSDs, which was the case for the Danube measurements and the wash-load content from Colastiné samples. 
Backscattering Coefficient and Viscous-Scattering Attenuation Normalized Coefficients
Given an acoustic frequency, the backscattering coefficient and viscous-scattering attenuation normalized coefficients (Ks 2 , ζsv and ζss, respectively) vary with the number PSD, which is in agreement with equations reported in the subtopic 2.2. As already mentioned, these variations deteriorate the backscattering strength to concentration correlation.
Aiming to analyze this effect for a typical ADCP frequency, Equations (2)- (13) were applied, with the direct problem approach, to assess the acoustic coefficients at 1200 kHz, for (i) two minutes average number PSDs from point measurements by LISST-SL in the Danube River; and (ii) number PSDs from physical samples in the Parana River main channel and the Colastiné River. In this latter case, acoustic coefficients were evaluated both for wash-and suspended-load contents.
The assessed values of backscattering coefficients and viscous-scattering attenuation normalized coefficients are reported in Figure 8 together with the coefficient functions characterizing mono-size suspension for 600, 1200 and 8000 kHz frequencies. In addition, the same coefficients were also assessed at 1200 kHz frequency for a variety of synthetic number distributions that simulate the effect of a broad variability in particles sizes. These synthetic number distributions were generated 
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Given an acoustic frequency, the backscattering coefficient and viscous-scattering attenuation normalized coefficients (K s 2 , ζ sv and ζ ss , respectively) vary with the number PSD, which is in agreement with equations reported in the subtopic 2.2. As already mentioned, these variations deteriorate the backscattering strength to concentration correlation. Aiming to analyze this effect for a typical ADCP frequency, Equations (2)- (13) were applied, with the direct problem approach, to assess the acoustic coefficients at 1200 kHz, for (i) two minutes average number PSDs from point measurements by LISST-SL in the Danube River; and (ii) number PSDs from physical samples in the Parana River main channel and the Colastiné River. In this latter case, acoustic coefficients were evaluated both for wash-and suspended-load contents.
The assessed values of backscattering coefficients and viscous-scattering attenuation normalized coefficients are reported in Figure 8 together with the coefficient functions characterizing mono-size suspension for 600, 1200 and 8000 kHz frequencies. In addition, the same coefficients were also assessed at 1200 kHz frequency for a variety of synthetic number distributions that simulate the effect of a broad variability in particles sizes. These synthetic number distributions were generated with lognormal distributions (Figure 9a,b) , characterized with pretty different ratios of the standard deviation over the corresponding mean size (Figure 9c ), although they were sorted in four families with fixed standard deviations of 2, 4, 18 and 28 µm. with lognormal distributions (Figure 9a,b) , characterized with pretty different ratios of the standard deviation over the corresponding mean size (Figure 9c ), although they were sorted in four families with fixed standard deviations of 2, 4, 18 and 28 μm. The samples from the Parana system resulted in very different coefficients depending on the considered portion of the typical bimodal distribution and regardless the sampling method (i.e., depth-integrated and point sampling), the actual river section and the occurring hydraulic conditions (Figure 8a ). On average, the backscattering coefficient for sand suspended from the riverbed was resulted two orders of magnitude higher than the backscattering coefficient for the wash-load content spanning clay-silt fractions, as observed in the Colastiné River. In addition to that, the wash-load content, on average, presented a backscattering coefficient that was several orders of magnitude larger than the value for the corresponding mean size (i.e., the value for the 1200 kHz mono-size function). On the contrary, the actual contents of sand from Parana main channel and Colastiné River resulted in backscattering coefficients very close to corresponding values for mono-size distributions. The samples from the Parana system resulted in very different coefficients depending on the considered portion of the typical bimodal distribution and regardless the sampling method (i.e., depth-integrated and point sampling), the actual river section and the occurring hydraulic conditions (Figure 8a ). On average, the backscattering coefficient for sand suspended from the riverbed was resulted two orders of magnitude higher than the backscattering coefficient for the wash-load content spanning clay-silt fractions, as observed in the Colastiné River. In addition to that, the wash-load content, on average, presented a backscattering coefficient that was several orders of magnitude larger than the value for the corresponding mean size (i.e., the value for the 1200 kHz mono-size function). On the contrary, the actual contents of sand from Parana main channel and Colastiné River resulted in backscattering coefficients very close to corresponding values for mono-size distributions. This difference in the changing rate of the backscattering coefficient when passing from mono-size to actual distributions was clearly related to the value of standard deviation over mean ratio, which changed from 0.2-0.4 to about 0.8 when passing from the suspended-load to wash-load contents (i.e., from sand to clay-silt PSDs). Indeed, the synthetic number distributions, characterized with fixed values of the standard deviation, clearly show an increasing deviation of the backscattering coefficients from the corresponding values characterizing the mono-size function, that is for mean size decreasing, entailing larger std over D ratio too.
The values from Danube samples presented a similar deviation for the mono-size function but with an almost fixed mean grain size and changing standard deviation among different measurement points. In a similar way as for the wash-load content from Colastiné samples, appreciable values of std over D ratio were related to much larger backscattering coefficients than those for the 1200 kHz mono-size function.
Both for Colastiné wash-load content and Danube measurements, the std/D ratios of 0.8-1.2 resulted in four orders of magnitude larger backscattering coefficients than the corresponding mono-size values. Those deviations were in the order of the mono-size function upward displacement when passing from 1200 to 8000 kHz frequency. Therefore, the backscattering coefficient values predicted by sloped mono-size functions in Figure 8a appeared unreliable in the case of samples characterized with significant std/D ratios that were typical for clay-silt content. On the contrary, mono-size functions remained accurate for the prediction of backscattering coefficients, corresponding to sand contents such as those for observed PSDs of suspended-load from the Parana and Colastiné riverbed.
Scattering and attenuation normalized coefficients resulted in different patterns. This difference reflects the two mechanisms of attenuations. The scatter attenuation is due to the acoustic cross-section of particles that scatter sound out from the projected beam, whereas the viscous attenuation is produced by an oscillation-friction process that is in relation with particles mass and oscillation frequency coupling rather than to scattering effectiveness of particles. Therefore, the resulting pattern for the scattering attenuation normalized coefficient (Figure 8b ) reflected the same variations of the backscattering coefficient (Figure 8a ), while the viscous attenuation is characterized with a different pattern (Figure 8c) .
Viscous attenuation appeared to be less sensitive, both to frequency and PSD heterogeneity; e.g., the difference between scattering and viscous attenuation coefficients noticeably increase when This difference in the changing rate of the backscattering coefficient when passing from mono-size to actual distributions was clearly related to the value of standard deviation over mean ratio, which changed from 0.2-0.4 to about 0.8 when passing from the suspended-load to wash-load contents (i.e., from sand to clay-silt PSDs). Indeed, the synthetic number distributions, characterized with fixed values of the standard deviation, clearly show an increasing deviation of the backscattering coefficients from the corresponding values characterizing the mono-size function, that is for mean size decreasing, entailing larger std over D ratio too.
Viscous attenuation appeared to be less sensitive, both to frequency and PSD heterogeneity; e.g., the difference between scattering and viscous attenuation coefficients noticeably increase when passing from 600 to 8000 kHz frequency, for a given D, because of scatter attenuation boost rather than the change of viscous normalized coefficient.
Although the larger sensitivity to actual PSDs, the scattering attenuation normalized coefficient, on average, was one and three orders of magnitude lower than the corresponding viscous coefficient when considering the Danube measurements and the wash-load content in the Colastiné River, respectively.
In addition, in the case of attenuations, the std/D ratio could be correlated to coefficients deviations from corresponding values of 1200 kHz mono-size functions, although with a lower magnitude and an inverse proportionality for the viscous normalized coefficient. Actually, the deviations for sampled sand fractions appeared negligible (Colastiné suspended-load and Parana main channel in Figure 8b,c) , while increasing std/D values for wash-load content from Colastiné and Danube rivers resulted in noticeable increase and slight drop for backscattering and viscous coefficients, respectively, with respect to corresponding mono-size values.
It is worth noting that the backscattering and attenuation normalized coefficient magnitudes will have a different weight in Equation (1), although they have the same unit such as reported in Figure 8a -c. This is because the backscattering coefficient fixes the received intensity that is a continuous function, whereas the normalized scattering and viscous attenuation coefficients define the exponential attenuation in Equation (1), which require a finite beam length to effectively reduce the received intensity. In other words, magnitudes in Figure 8a may not be compared to the corresponding magnitudes in Figure 8b ,c. To eventually argue the importance of sound attenuation versus backscattering strength, that comparison should consider the actual spatial gradients, such as it is discussed in more detail in the following sections.
Backscattering Strength and Viscous-Scattering Attenuation Coefficients
The echo intensity levels (in the left hand side of Equation (1)) measured by an ADCP in a dB scale are usually related to the backscattering strength and sound attenuations due to suspended sediments (in the right hand side of Equation (1)). These are, in turn, related to sediment features as reported in Equations (2)- (16) . These relations enable the assessment of sediment features from ADCP recordings, which is refereed to as the inverse problem solution.
Aiming to discuss the possibility of using different ADCP methods for the suspended sediment investigation, in this work, we solved the direct problem. That consisted in the assessment of backscattering strength and attenuation coefficients by means of Equations (2)- (16), on the basis of collected number PSDs in the Parana and Danube rivers and by fixing the typical ADCP frequency of 1200 kHz. The assessed values of backscattering strength and attenuation coefficients resulted in different patterns depending on the actual concentration, the particles mean size, D, and the corresponding std/D ratio as observed in the field (Figures 10 and 11 ). These patterns clarify the actual possibility of using an ADCP method, eventually solving the inverse problem.
Regarding samples from the Parana system, the assessed backscattering strength appeared well correlated to measured suspended sand concentration (i.e., 0.86-0.87 in Table 3 ). In a similar way, statistically significant and high correlations arose between scatter-viscous attenuations and sand suspended from the riverbed; however, these attenuations resulted with moderate magnitude (Figure 11 ) when compared to the backscattering strength variation. Indeed, for the conditions during surveys and regardless the sampling method used (i.e., depth-averaged and point samplers), a 20 dB overall change of the backscattering strength (Figure 10a ) corresponded to two orders of magnitude variation in suspended sand concentration (i.e., from 6 to 120 mg/L). The actual PSDs level of sorting of sand fractions did not appear as a relevant parameter in affecting the resulting backscattering strength. Indeed, the std/D ratio was low and almost uniform among samples with pretty different concentrations. This means, in other words, that the deviation for mono-size function is negligible (Figure 8a ). In addition to that, for sand content in samples from the Parana system, weak correlations (0.36-0.64 in Table 3 ) may be argued between the assessed backscattering strength and PSD first moment, i.e., sand mean grain size, although this was statistically significant and with a larger value in the case of the Parana main channel (0.64 in Table 3 ). Table 3 . Correlations among acoustic variables (reported in the first line) and corresponding sediment features (i.e., concentration, D and std/D) for different datasets (from Danube and Parana rivers); note that the statistically significant correlations are reported with a bold font and underlined font is used for correlations corresponding to most relevant acoustic features, which are the assessed backscattering strength with appreciable variation (5-20 dB) and viscous attenuation with moderate-high magnitude (0.1-0.4 dB/m) as reported in Figures 10 and 11 .
Dataset
Backscattering Strength In the case of wash-load contents from the Parana secondary reach Colastiné, the assessed backscattering strength and attenuations resulted in almost constant values (Figures 10 and 11 ), which entails a scarce usefulness in correlating the sediment features with backscattering strength and attenuations, although significant correlations arose with mean size and concentration (Table 3) , which was particularly relevant (equal to 0.80) for the viscous attenuation. In the case of wash-load contents from the Parana secondary reach Colastiné, the assessed backscattering strength and attenuations resulted in almost constant values (Figures 10 and 11 ), which entails a scarce usefulness in correlating the sediment features with backscattering strength and attenuations, although significant correlations arose with mean size and concentration (Table 3) , which was particularly relevant (equal to 0.80) for the viscous attenuation. Regarding the Danube case, the backscattering strength changed in the range from about −45 to −40 dB among suspended sediment point measurements (Figure 10) , and appeared mainly correlated to clay-silt concentration variation (0.69 in Table 3 ). In addition, some significant correlations may be argued between attenuations and sediment features, although the scatter attenuation is not relevant when compared to the assessed backscattering strength variation. On the contrary, the viscous attenuation may rise to comparable values to backscattering strength.
Scattering Attenuation Coefficient
Viscous Attenuation Coefficient
It should also be noted that, in the case Danube dataset variations are related to spatial gradients only, since measurements were operated in a single campaign with almost steady flow conditions. In this case, a more heterogeneous spatial distribution of fine sediment was reflected in the noticeable (equal to 0.69) correlation between backscattering strength and fine sediment Regarding the Danube case, the backscattering strength changed in the range from about´45 tó 40 dB among suspended sediment point measurements (Figure 10) , and appeared mainly correlated to clay-silt concentration variation (0.69 in Table 3 ). In addition, some significant correlations may be argued between attenuations and sediment features, although the scatter attenuation is not relevant when compared to the assessed backscattering strength variation. On the contrary, the viscous attenuation may rise to comparable values to backscattering strength.
It should also be noted that, in the case Danube dataset variations are related to spatial gradients only, since measurements were operated in a single campaign with almost steady flow conditions. In this case, a more heterogeneous spatial distribution of fine sediment was reflected in the noticeable (equal to 0.69) correlation between backscattering strength and fine sediment concentration, which was not the same for clay-silt content in the Colastiné river (0.10 in Table 3 ). Indeed, for the investigated section of the Danube River, slightly coarser fractions were observed with spatial gradients in the concentration field that may corroborate the hypothesis of re-suspension events of fine sediment mixed in the sand-gravel bed.
The magnitude of scattering attenuation coefficient (Figure 11a ,b) appeared negligible (i.e., three-four orders of magnitude lower) when compared to corresponding backscattering strength variation, although well-defined correlations with suspended sediment features occurred (Table 3) , similar to the corresponding backscattering strength values (compare Figure 10a,b to Figure 11a ,b, respectively). This similarity reflects the same nature for backscatter and scatter attenuation processes (Figure 8a,b) . concentration, which was not the same for clay-silt content in the Colastiné river (0.10 in Table 3 ). Indeed, for the investigated section of the Danube River, slightly coarser fractions were observed with spatial gradients in the concentration field that may corroborate the hypothesis of re-suspension events of fine sediment mixed in the sand-gravel bed. The magnitude of scattering attenuation coefficient (Figure 11a ,b) appeared negligible (i.e., three-four orders of magnitude lower) when compared to corresponding backscattering strength variation, although well-defined correlations with suspended sediment features occurred (Table 3) , similar to the corresponding backscattering strength values (compare Figure 10a,b to Figure 11a ,b, respectively). This similarity reflects the same nature for backscatter and scatter attenuation processes (Figure 8a,b) . On the contrary, the viscous attenuation coefficient values in dB/m presented larger magnitudes (0.4 dB/m as a maximum for the wash-load content in the Coalstiné River, Figure 11c,d ) and different patterns from scattering attenuation coefficient values, which is in agreement with the difference among attenuation functions (Figure 8b,c) . In more detail, the assessed viscous attenuation coefficient appeared negligible (0.04 dB/m) for suspended sand from the riverbed in the Parana system. Differently, for fine sediment from the Danube and Colastiné rivers, maximum viscous attenuation coefficients in the order of 0.1 and 0.4 dB/m, respectively, may rise to a two-way round-trip attenuation with comparable values (in dB) to backscattering strength variations for "Danube" and "Colastiné: suspended-load" in Figure 10a On the contrary, the viscous attenuation coefficient values in dB/m presented larger magnitudes (0.4 dB/m as a maximum for the wash-load content in the Coalstiné River, Figure 11c ,d) and different patterns from scattering attenuation coefficient values, which is in agreement with the difference among attenuation functions (Figure 8b,c) . In more detail, the assessed viscous attenuation coefficient appeared negligible (0.04 dB/m) for suspended sand from the riverbed in the Parana system. Differently, for fine sediment from the Danube and Colastiné rivers, maximum viscous attenuation coefficients in the order of 0.1 and 0.4 dB/m, respectively, may rise to a two-way round-trip attenuation with comparable values (in dB) to backscattering strength variations for "Danube" and "Colastiné: suspended-load" in Figure 10a ,b, for the case of acoustic beams ranging in the order of 20-30 m.
Discussion
The use of ADCPs for suspended sediment assessment in river applications is attractive because acoustic beams are ranging from remote positions (i.e., from water surface and river side bank). This simplifies field procedures, prevents the measurement volume from disturbance, which is typical for standard sampling techniques, and enables the sediment transport monitoring during high level conditions when direct sampling is unsafe or not possible. Despite these clear advantages, the assumptions regarding the applied backscatter and sound attenuation models may restrict the applicability of acoustic methods. Indeed, the usually applied semi-empirical models (Equations (1)- (13)) were mostly derived for coastal applications, where suspended particles are well rounded and sorted within the sand spectrum. Differently, rivers present heterogeneous sediments, depending on the actual sedimentological, hydrological and hydraulic conditions. In addition to that, in riverine applications, the mean water depth usually fixes the acoustic beam range that depends again on the specific study site and may span from 0.1 to 10 m as an order of magnitude.
Since sound scatter and attenuation determine the measurement range of an ADCP, also the combining of river heterogeneities in terms of sediment features and water depth may give rise to not a trivial pursuit when trying to infer suspended sediment concentrations by using ADCP echo profiling. This encouraged a thriving of a variety of different methods, which are tailored on specific sedimentological, hydrological and hydraulic conditions with the shortcoming of being site specific. Although this may be still useful to solve specific problems, scientifically speaking, guidance should be given regarding the applicability of each method, which requires a clear explanation on features and limitations of the applied backscatter-attenuation method with respect to actual conditions and instrument frequency and deployment (i.e., down-or side-looking instruments).
Implications of the Acoustic Features Assessed from the Observed PSDs
The backscattering coefficient and sound attenuation normalized coefficients depend on the actual PSD that is particularly relevant for the bimodal distribution typical for river sediment, with clay-silt content usually forming the wash-load portion of suspended sediment and the remaining part being sand transported in full suspension. This was in our study the case for the Parana system, where sand concentration suspended from the riverbed clearly dominated the resulting backscattering strength ("Parana main channel" and "Colastiné: suspended-load" in Figure 10 ), while the clay-silt content resulted in appreciable viscous attenuation coefficient ("Colastiné: wash-load" in Figure 11c,d) . In addition to that, the actual PSD differently affected the acoustic coefficients: the sand content may be investigated by assuming the backscattering coefficient, K s 2 , of mono-size distributions entailing small changes in the representative mean size. On the contrary, the deviation for mono-size values of the acoustic coefficients (K s 2 , ζ sv and ζ ss ) appeared relevant for the case of clay-silt content.
Despite this, the high concentration of fine fractions resulted in negligible variations of backscattering strength and moderate values of scattering attenuation coefficient. On the contrary, viscous attenuation coefficients of observed clay-silt concentrations may result in comparable dB values to sand backscattering strength variation (with a magnitude changing in the range of 35-55 dB), although this would require long acoustic beams (i.e., 20-30 m) such as it would be possible with horizontally aligned beams projected by a side-looking ADCP. However, side-looking deployment in the Parana River appears particularly challenging, while the use of down-looking ADCPs to measure river discharge is a standard practice.
It is worth noticing that using a down-looking ADCP in the Parana River would limit the acoustic beams on average to 5 and 8 m for secondary and main channels, respectively, which would also result in a moderate value for the two-way round-trip attenuation (in dB) due to viscous attenuation. This occurrence was exploited in previous studies by using a single frequency ADCP working at 1200 and 600 kHz, which produced reliable correlations between sand concentrations and measured echo levels [15] , and between mean grain sizes of suspended sand and the ratios of echoes for those two frequencies [13] .
Furthermore, in the case of the large Parana system, the correlation assessed between viscous attenuation coefficient and clay-silt concentration (Table 3 ) was limited by a small variation in fine sediment concentration, although field campaigns encompassed different hydraulic conditions. This occurrence may be related to the huge extension of the Parana system that somehow produces a homogenous base flow of very fine sediment (i.e., clay), relaxing the need of including clay-silt acoustic effects on the calibration of profiled echoes to investigate suspended sand, although this calls for further studies on the Parana system.
In the Danube case study, sand was not observed in full suspension by using the LISST-SL, and the backscattering strength appeared dominated by suspended clay-silt. A further research effort using a 1200 kHz ADCP to track suspended sediment concentration would require the assessment of the actual PSD backscattering coefficient, K s 2 . In fact, in this case, the backscattering coefficient of a mono-size distribution characterized with the particles mean size of the measured PSD was three to four orders of magnitude lower. This occurrence would produce a not reliable correlation between concentrations and backscattering strengths. In this case, therefore, there is a need of a priori information about the actual PSD. In addition, the viscous attenuation coefficient appeared inverse correlated to std/a ratio characterizing the measured PSD (Table 3 ). In spite of that, the same arguments regarding beam range as the Parana case may be exhibited for viscous attenuation relevance with respect to corresponding backscattering strength variation in the Danube case. In this case, the beams projected by a down-looking ADCP would be limited even more, resulting into lower water depths (6 m on average) that would keep the two-way round-trip attenuation moderate.
Recommendations
Aiming to assist ADCP users on the basis of our findings, basic recommendations are discussed regarding instrument deployment (i.e., down-or side-looking ADCP) and frequency, the advantage of using multi-frequency, the need for a priori grain size information and the need for ADCP calibration. This discussion does not pretend to be exhaustive, indeed other sources of scatter and attenuation such as organic material, flocculated particles and sediment specific shapes (e.g., stick-shaped) are not encompassed in our study.
Furthermore, it is worth noting that the assessment of sediment features from ADCP recordings requires applying inverse method to solve Equation (1). These methods depend on the expected spatial gradients of sediment concentration as well as on the instrument frequency-deployment, although our work has not included the solution of the inverse problem. The inversion methods may be implicit or explicit [24] , the attenuation due to suspended sediment may be neglected [13] or the concentration profile is assumed homogeneous [18] .
Our discussion is conducted regarding the performed analysis of acoustic features of samples which were observed in the field (i.e., the direct problem solution).
When using typical ADCP frequencies with a down-looking deployment, the vertical profiling results in shorter ranges than the distance for a complete signal attenuation (i.e., the distance for which the signal is significantly attenuated up to the noise level) because actual water depth limits the beam ranging. In addition to that, vertical gradients of sediment suspended from the riverbed likely result in relevant backscattering strength variations along acoustic beams with a negligible-moderate effect of sound attenuation due to sediment. In this case, the echo level recording from an ADCP may be successfully correlated to the concentration of suspended sand from the riverbed, neglecting or not, the viscous attenuation due to clay-silt fractions, which depends on the actual concentration of fine fractions. This is the case of tracking sand contents across a river section for a given hydro-sedimentological condition lasting the time of survey. The concentration of fine fractions is not acoustically investigated, although its effect on the used correlation should be carefully evaluated especially when considering sand concentration values from field campaigns performed with different hydro-sedimentological conditions that are likely characterized with different contents of clay-silt fractions.
Side-looking deployment usually extends the acoustic beams to the ranging distance for a complete signal attenuation, at the same time horizontal alignments at a given level in a river cross section are likely characterized with a homogenous concentration of suspended sediment. In this condition, the range length depends on sound dissipation and the variation of echo level profile may be correlated to clay-silt concentration change among time.
The instrument frequency may be fixed to boost the backscattering strength from sand or the viscous attenuation coefficient due to clay-silt particles. ADCP typical frequencies span the range from 500 to 3000 kHz that means a particle diameter changing from about 900 to 150 µm for the wave number-particle radius product, x, equal to unity, which indicates the particle size of maximum scatterng effectiveness among an actual PSD at a given frequency. On the other hand, the viscous attenuation is not as much sensitive to a frequency change as the scatter processes (i.e., backscattering strength and scattering attenuation coefficient); the viscous attenuation coefficient presents a maximum in the clay-silt range with a moderate shift towards fine particles for the higher frequency (see functions for mono-size suspension in Figure 8) .
Therefore, the using of a specific frequency may be driven by the expected contributes in Equation (1), eventually decoupling sand backscatter from clay-silt viscous attenuation. For example, this is the case of dominant backscattering strength from fine sand when using a 1200 kHz ADCP (D = 380 µm, for x = 1) in a large river with a relatively low contribution of viscous attenuation due to clay-silt concentration. On the contrary, using a low frequency may noticeably reduce the backscatter from sand, which would rise the weight of clay-silt viscous attenuation in Equation (1) .
The dependence of Equation (1) on frequency is further elaborated in a multi-frequency approach [21] , which is based on backscattering strength dependence on x in a transitional region between the Rayleigh and geometric scatter regions. In this region, characterized with x close to unit, and for moderate attenuation due to suspended sediment, Equation (1) may be inverted to assess the mean size of scattering particles. For ADCP frequencies, this region is represented by fine-medium sand; therefore, this multi-frequency approach was used to characterize the mean size of suspended sand from a riverbed [13] . It is worth noting that for sand fractions, the acoustic coefficients in Figure 8 are well predicted by mono-size functions. In other words, in conditions of dominant backscattering strength of a given concentration of sand particles, a variation in Equation (1) should only be related to sand particles mean size variation.
A priori information about the actual PSD which has to be investigated may be extremely useful to choose the most appropriate acoustic system and method; however, too detailed information may appear wasteful. This simplifies as consequence the inversion of Equation (1) as well.
Indeed, one relevant objective of using an ADCP for sediment transport assessment is to simplify operations in the field and laboratory, which are usually required to measure detailed and reliable PSDs, and, at the same time, measuring streamflow discharge. In this perspective, while isokinetic-physical sampling and laboratory analysis remain the most appropriate techniques, the ADCP may be applied to extrapolate among time and space.
On the other hand, aiming to solve the inverse problem for a variety of hydro-sedimentological conditions without information about the actual PSD, an acoustic system may be implemented to span a large set of frequencies and beam ranges. This would eventually enable the application of different inversion methods for the investigation of a wide range of particles spanning from clay to sand, although this appears beyond the ADCP capabilities.
Indeed, a reasonable objective for an ADCP application in rivers may be the quantification of sand and clay-silt contents, at the same time, with a decoupled backscattering strength-viscous attenuation approach, by using multiple frequencies, although this will require further research efforts. However, this will not produce a detailed PSD such as from laboratory analysis and from the LISST-SL, but an estimation of two wide classes that may reflect wash-load and suspended-load of bed material.
The LISST-SL already provides a detailed PSD within a limited time in the field/laboratory, although the sampling effort remains. Indeed, the measurement range is 2.07-350 µm with limitations on the actual concentrations: inaccuracies may rise from multiple light scatter and too low scatter, which fix low and high threshold concentrations, respectively [44] . These limitations rise doubts on the opportunity of having detailed PSDs carefully profiled with punctual sampling by a LISST-SL rather than an estimation of sand and clay-silt concentrations along beams by applying an acoustic method. Further speculating on that, the two technologies (i.e., laser and acoustics) may be usefully integrated.
A need of calibrating an ADCP is given, strictly speaking, regarding the assessment of the instrumental parameter K t in Equation (1) . Although this should be retrieved by means of laboratory tests, in the instrument setting and from the manufacturing, where it is a common practice to calibrate K t by solving the direct problem by measuring the actual PSDs and echo intensity levels at the same time in the field. Besides that, another common practice is to include unpredicted and not directly investigated contributes to Equation (1) in that calibration. This may be the case of a moderate contribution of clay-silt concentration when tracking sand by investigating the corresponding backscattering strength.
Conclusions
The evidence produced by analyzing heterogeneous datasets of suspended sediments from the Parana River and the Danube River, resulted in dominant spatial gradients of sand and clay-silt backscattering strength for the Parana reaches and the Danube, respectively. An important difference consists in the actual PSD importance: the mono-size distributions function of the backscattering coefficient was a good approximation for suspended sand from Parana system riverbed, while the actual PSD had to be considered for clay-silt in the Danube case.
In addition, samples from the Parana system presented a typical bimodal distribution reflecting wash-and suspended bed-material load transport mechanisms, whereas sand was not observed in sediment data collected in the Danube. Fine fractions resulted in appreciable viscous attenuation due to clay and silt for the Parana and the Danube, while the sound attenuation due to suspended sand from Parana riverbed was some orders of magnitude lower.
In spite of that occurrence, a moderate magnitude resulted for viscous attenuation along vertically oriented acoustic beams, which was small when comparing to the assessed variation of backscattering strength. Hence, using 600-1200 kHz down-looking ADCPs, with the beams range limited to water depth, would keep a low overall attenuation due to suspended sediment, which enables the application of tracking backscattering strength of suspended sand from the riverbed. In addition to that, it is worth noting that small changes in suspended clay-silt concentration (i.e., the wash-load content) observed in the Parana system were independent of the location and the hydraulic condition. This eases the challenge of considering the wash-load concentration while investigating backscattering strength by means of a down-looking ADCP.
On the contrary, aiming to boost the effect of clay-silt concentrations on profiled echoes in large rivers, beams of 20-30 m may be horizontally projected by side-looking ADCPs. This would result in a two-way round-trip viscous attenuation in the same order of the observed backscattering strength variation for both the Parana River and the Danube River.
